Dust formation in supernova ejecta is currently the leading candidate to explain the large quantities of dust observed in the distant, early universe. However, it is unclear whether the ejecta-formed dust can survive the hot interior of the supernova remnant (SNR). We present infrared observations of~0.02 solar masses of warm (~100 kelvin) dust seen near the center of the~10,000-year-old Sagittarius A East SNR at the Galactic center. Our findings indicate the detection of dust within an older SNR that is expanding into a relatively dense surrounding medium (electron density~10 3 centimeters -3
Dust formation in supernova ejecta is currently the leading candidate to explain the large quantities of dust observed in the distant, early universe. However, it is unclear whether the ejecta-formed dust can survive the hot interior of the supernova remnant (SNR). We present infrared observations of~0.02 solar masses of warm (~100 kelvin) dust seen near the center of the~10,000-year-old Sagittarius A East SNR at the Galactic center. Our findings indicate the detection of dust within an older SNR that is expanding into a relatively dense surrounding medium (electron density~10 3 centimeters
) and has survived the passage of the reverse shock. The results suggest that supernovae may be the dominant dust-production mechanism in the dense environment of galaxies of the early universe.
T he search for the dominant formation mechanism of large quantities of dust detected in galaxies of the early universe remains an open investigation of profound importance. It both influences observed emission and greatly affects the formation of future generations of stars. Due to the short lifetimes of their progenitor stars and to their highly metalenriched ejecta, supernovae (SNe) are believed to be efficient sources of dust production (1) . However, the powerful supernova (SN) explosions and the resulting shocks are predicted to also be very effective at destroying and shattering dust: Depending on the energy of the explosion and the density of the surrounding medium, less than~20% of the mass of the SN-condensed dust is expected to survive the passage of the reverse shock that is driven back into the ejecta due to the difference between the thermal pressure of the shocked circumstellar material and that of the expanding ejecta (2) (3) (4) . In fact, recent studies have argued that SNe may be net destroyers of dust in present-day galaxies [e.g., in the Magellanic clouds (5, 6)] but net producers of dust in the earliest-forming galaxies in the universe (7) . However, no direct observational evidence currently exists of the quantities of SNcondensed dust surviving the passage of the reverse shock through the ejecta.
Sagittarius A (Sgr A) East is the well-studied remnant of a core-collapse SN, located 8 kpc away near the center of our Galaxy (8) , that has blown out a~3′ (7-pc)-diameter shell of nonthermal radio emission ( Fig. 1) (9, 10) . Based on the kinematics of maser spots immediately surrounding the supernova remnant (SNR), it is estimated to be~5 pc from the Galactic center (11) . An age of~10 4 years has been estimated for the SNR, based on predictions of its elongation from tidal forces (12) and, more recently, from the observed proper motion and displacement of the neutron star believed to be the remnant of the SN progenitor from the interior of the SNR (13) . The~10 4 -year time scale and the metal-rich hot ejecta from the center of the SNR imply that the reverse shock has reached the center of Sgr A East (14) . Observations of dust associated with the Sgr A East SNR could therefore provide estimates of the fraction of dust that survives the destructive passage of the reverse shock.
We use mid-and far-infrared (IR) images of Sgr A East from the Stratospheric Observatory for Infrared Astronomy (SOFIA) to argue the presence of warm (T d~1 00 K) dust near its center. The warm and dusty environment of the Galactic center (15) presents a challenge in definitively demonstrating that the IR emission is associated with the Sgr A East SNR ejecta. Our claim is substantiated by four major results from the observations: (i) The location of the IR-emitting region is consistent with the center of the SNR and is spatially anticorrelated with the hard x-ray emission, suggesting that dust is in a cooler region of the ejecta. (ii) Analysis of the dust temperatures and heating sources shows that the location constraints are consistent with Sgr A East because the IR-emitting region must be radiatively heated by the optical and ultraviolet photons from the central stellar cluster, which dominates the radiation field in the central parsecs of the Galaxy. (iii) The lack of cold dust emission at submillimeter wavelengths coincident with the IR-emitting region implies that it does not originate from a cloud along the line of sight. (iv) We show that the typical size of the emitting grains must be smaller than the dust in the surrounding interstellar medium (ISM), which is consistent with having been processed by the reverse shock of the SN.
We propose that the dust has survived the passage of the reverse shock due to the relatively large density of the surrounding medium, which slows the ejecta and places it into a temperature and density regime where it will undergo substantial radiative cooling on time scales much shorter than dust-destruction time scales. With an estimate of the surviving dust mass in Sgr A East, we discuss the viability of SNe as the dominant source of dust production in the early universe.
Observations and results
The Faint Object Infrared Camera for the SOFIA Telescope (FORCAST) (16) was used to obtain images of the Sgr A East SNR at 7.7, 19.7, 25.2, 31.5, and 37.1 mm. The spatially resolved hot and warm dust traced by these wavelength bands is shown in Fig. 2 . We used the Chandra/Advanced CCD Imaging Spectrometer imaging array (ACIS-I) to obtain high-quality hard x-ray (2 to 8 keV) images of Sgr A East. Additionally, we incorporated archival mid-IR (5.8 and 8.0 mm) and submillimeter (70 and 160 mm) observations taken by the Spitzer Space Telescope's Infrared Array Camera (IRAC) (17, 18) and the Herschel Space Observatory's Photodetector Array Camera and Spectrometer (PACS) (19, 20) , respectively (21) .
Source morphology and location
The mid-IR (5.8 and 8 mm) and far-IR (19 to 37 mm) observations of the proposed SNR dust emission are cospatial and confined to the regions near the center of the Sgr A East radio shell (Fig. 1A) . The central position of the dust emission is consistent with the expected location of dust having condensed within the ejecta. Furthermore, the dust is spatially anticorrelated with the hard x-ray continuum of the SNR ejecta (Fig. 1B) . This anticorrelation suggests that the dust is located in a much cooler and less hostile region of the ejecta.
It is apparent in Fig. 1A that there is no major submillimeter emission coincident with the location of the IR-emitting region. This is in contrast to the Sgr A East HII regions that are located 3 pc to the east in projection from the center of the SNR and are the illuminated edges of the molecular cloud associated with the prominent ridge of submillimeter emission that extends along the eastern side of Sgr A East (22) . The lack of submillimeter emission at the IR-emitting region therefore implies that it is not associated with a cold molecular cloud along the line of sight toward the center of Sgr A East.
Observed dust temperature
A key to understanding whether the dust is located interior to the Sgr A East SNR is its thermal structure. The closest known stellar heating source is the central cluster of massive young stars surrounding the Galactic black hole, located~3 pc away in projection. We also consider heating via collisions with thermal electrons in the shocked ejecta of the SNR but conclude that it is negligible (23) . The presence of the strong radiation field from the central cluster therefore presents a distinctive heating scenario for dust in Sgr A East because the radiative heating contribution, which typically arises from the interstellar radiation field in most SNRs, is usually negligible compared with collisional heating.
To investigate the heating source(s) and thermal structure of the possible SNR dust, we generate a color temperature map using the ratio of the deconvolved 31.5-and 37.1-mm (31/37) flux maps of Sgr A West and East observed by SOFIA/ FORCAST (Fig. 3) (24, 25) . We assume the dust emission is optically thin and takes the form F n ºB n ðT d Þn b (F n , flux density; B n , function for blackbody radiation; n, frequency at which the dust is emitting; b, frequency power-law index), where a value of 2 is adopted for b, which is typical for interstellar dust. The longer-wavelength images are used to produce the color temperature map because the signal-to-noise ratio from the IR-emitting region at those wavelengths is higher than at 19.7 mm. The average color temperature derived from the ratio of the 19.7-and 37.1-mm (19/37) fluxes of the IR-emitting region is consistent with the average 31/37 color temperature.
It is apparent from the location of the temperature peak and the negative radial temperature gradient centered on Sagittarius A* (Sgr A*) that the luminous central cluster dominates the heating of the dust in the HII region and circumnuclear disk (CND) immediately surrounding Sgr A* (24) . The proposed SNR dust exhibits a temperature of~100 T 8 K (26), which is much greater than the~75 K that would be predicted for 0.1-mm-sized grains from the radial temperature gradient centered approximately on Sgr A*, allowing for a ffiffi ffi 2 p projection factor. We note that the~75-K temperature of the structure we refer to as the Northern Dust Cloud (see Fig. 3 ) is consistent with this gradient and is equidistant from Sgr A* in projection with the SNR dust. The four Sgr A East HII regions seen to the east of the SNR (Figs. 1 and 3) exhibit temperature maxima, but they are each heated locally by sources of 10 4 to 10 5 L ⊙ (L ⊙ , solar luminosity) (22, 25) .
Heating source and dust size
Three different scenarios can be considered to explain why the proposed SNR dust is at a considerably higher temperature than expected from heating by the central stellar cluster: (i) The dust is locally heated by a luminous stellar source or sources, (ii) the dust is heated by energetic electron collisions in the shocked ejecta, or (iii) the dust is much smaller in size than the dust associated with the CND and surrounding ISM. The first scenario would probably imply that the dust is associated with an illuminated molecular cloud along the line of sight toward Sgr A East, whereas the latter two scenarios would constrain the location of the dust to the interior of Sgr A East. First, we consider dominant heating by a local stellar source, as is the case for the Sgr A East HII regions. Given the size of the SNR's IR-emitting region (~0.8 pc), we assume that any such local heating source(s) would be located at a distance of~0.4 pc from the dust. For 0.1-mm-sized silicate grains that are in thermal equilibrium with the radiation field, the total stellar luminosity of the heating source would then have to be ∼2 Â 10 6 L ⊙ to reproduce dust temperatures of~100 K. A source with such a high luminosity, which is similar to that of luminous blue variables, would be easily detected in the near-IR (1.90 mm) (27, 28) and near-IR Spitzer/IRAC (18) observations of the region; however, no such heating source can be identified within several parsecs of the dust. Additionally, the total integrated infrared luminosity of the IR-emitting region is ∼7 Â 10 4 L ⊙ , which is too high if it were heated by a group of dusty asymptotic giant branch stars. Conversely, this total infrared luminosity is too low and the temperatures are too uniform for the IR emission to be associated with extremely massive, evolved dust-enshrouded sources, such as WolfRayet stars (L * > 10 5 L ⊙ , where L * is the stellar luminosity). We therefore rule out the possibility that a local heating source is responsible for the observed dust temperatures.
Dust heating due to collisions with electrons is commonly observed in SNRs, given the energetic conditions of the ejecta (29) . Because of the apparent location of the dust outside the regions of hard x-ray emission (see Fig. 1B) , the dust will be in a cooler and denser region of the ejecta. Taking the electron density and temperature to be~100 cm -3 and~10 5 K, respectively, consistent with conditions that result in a short ejecta-cooling time scale (t cool << 10 4 year), we find that the radiation by the central cluster will dominate the heating over electron collisions for all grain sizes.
In the final scenario, we propose that the grains composing the proposed SNR dust are smaller than the typical~0.1-mm size (24) and are therefore heated to higher temperatures due to lower heat capacities. The 31/37 dust temperature map in Fig. 3 is overlaid with several contours of the predicted dust equilibrium temperatures for 0.1-mm silicate and 0.01-mm amorphous carbon grains, where we have only considered radiative heating from the central cluster and assumed no blockage by the CND. The 0.1-mm dust temperature contours show clear agreement with the observed temperatures in the CND as well as the Northern Dust Cloud; however, the contours underpredict the temperatures observed for the proposed SNR dust. Shifting to the smaller 0.01-mm-sized grains shows much closer agreement between the predicted and observed dust temperatures (~100 K).
We conclude that the inconsistency between the observed dust temperature of the proposed SNR dust and the Northern Dust Cloud and CND is due to a composition of smaller grains, which is consistent with expectations for dust in a SNR in which fragmentation and thermal sputtering have taken place after grain formation.
Dust spectral energy distribution models
The observed spectral energy distribution (SED) provides important constraints on the size of the dust particles, their physical location and the heating source(s). With this in mind, we investigate six different regions in and around the SNR dust (Fig. 4) and use the DustEM code (30) to produce dust models that fit the observed SEDs. Three of the regions cover sites of prominent far-IR emission: north clump, south clump, and east. The remaining three regions cover sites of strong emission observed at mid-IR and submillimeter wavelengths that may or may not be associated with the SNR: southeast, west (W), and north. For the models, we perform a linear least-squares fit to the dereddened fluxes observed at 5.8, 8.0, 19.7, 25.2, 31.5, and 37.1 mm. We assume that the dust is composed of two independent grain distributions:
0.04-mm-sized [large grain (LG)] and~0.001-mmsized [very small grain (VSG)] amorphous carbon grains heated radiatively by the central cluster, which we modeled as a point source with a luminosity of 4 Â 10 7 L ⊙ (31) and the spectrum of a stellar atmosphere with an effective temperature of 37,000 K (32), representative of the luminous stars that dominate the radiation from the cluster. Because the distance between the central cluster and the proposed SNR dust (d) is uncertain, we allow d to vary as a free parameter in our models. The best-fit models (Fig. 4 and Table 1) show that d is consistent with the~5-pc separation distance between the SNR and Sgr A* estimated by kinematics of maser spots associated with the SNR (11).
The LG and VSG mass abundances are the other two free parameters for the models, in addition to the distance between the central cluster and the dust. Assuming a distinctly larger-sized (0.1-mm) dust distribution results in very poor SED fits for all of the regions except W. We therefore require an independent distribution of VSGs for which transient heating allows us to fit the 5.8-and 8.0-mm flux points. A modified blackbody fit to the 5.8-and 8.0-mm points yields temperatures of~350 K, which cannot be achieved if the dust is equilibrium-heated. The results from our best-fit models show that the VSG-to-LG SCIENCE sciencemag.org 24 and 100 K (orange) for 0.1-mm-sized silicate grains and at 100 K (green) for 0.01-mm-sized amorphous carbon grains, assuming equilibrium radiative heating by the central cluster. The apparent linear structure northeast of Sgr A* seen in the temperature contours is an artifact from combining the images of Sgr A East and Sgr A West, and the temperature peak at the south of Sgr A West is probably associated with an embedded source that appears more prominently in the mid-IR Spitzer/IRAC images (18) . In both panels, north is up and east is left.
mass abundance ratio for all regions except W ranges from 15 to 90% (Fig. 4) , which suggests a VSG enhancement when compared with the typical ratio of the Milky Way ISM (~13%) (33) , as well as that of the compact Sgr A East HII regions in the 50 km s -1 cloud~3 pc east of the proposed SNR dust (~2 to 4%) (25) . To produce adequate fits to the SED of region W, we are required to either increase d to~10 pc or increase the larger grain size to 0.2 mm. Because d~10 pc would suggest that the region W dust is located twice as far away as the dust at the other regions, we adopt the more likely interpretation that the dust grains are larger. Regardless of interpretation, the resulting inconsistent model fits to the region W SED strongly suggest that region W is not associated with the other regions and might thus be an extension of the dust distribution of the CND, as its proximity to the CND might suggest.
Our model fits do not constrain the composition of the LG distribution, which can also be modeled with silicate grains. Substituting amorphous carbon for silicates in the models decreases the predicted total dust mass by only~10%. However, silicates for the VSG distribution are ruled LG amC are the amorphous carbon grain sizes assumed for the VSG and LG components, respectively, of the model, given in units of micrometers. The LG component for the model fit to the West region is composed of silicates, like the dust in the CND (24) . T d is the temperature of the LG distribution, d is the distance between the dust in the region and the central stellar cluster, M Tot is the total dust mass fit to the region, and M VSG /M LG is the mass ratio of the VSGs to the LGs. Errors provided are 1s, as determined from the weighted linear least-squares fits.
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LG amC out, as they yield poor fits due to the steepness of the shorter-wavelength side of the 9.7-mm feature. Altering the size of the LG distribution by T0.02 mm changes the total mass by only~20%. Polycyclic aromatic hydrocarbons are also ruled out for the VSG composition, based on the ratio of the 7.7-and 8-mm fluxes (23) . The resulting SED dust models and the fitted parameters are shown in Fig. 4 and Table 1 , respectively.
Submillimeter excess and dust mass
In our model fitting, we omit the 70-mm flux to determine whether this flux is associated with the warm dust emission probed by the far-IR or is enhanced relative to the model due to the presence of a cooler dust distribution. Owing to the high background fluctuations at 70-mm images throughout the Galactic center, we assume that the extracted 70-mm fluxes shown in the SEDs (Fig. 4) are upper limits. The absence of a 70-mm excess indicates that it is unlikely to be associated with a molecular cloud along the line of sight toward the SNR. The dust model fit to the SED of the full region covering the proposed SNR dust yields a total dust mass of ∼0:02 
Sgr A East expansion and dust survival in a nonuniform-density medium
The location, thermal structure, and SED of the dust indicate that it is very likely associated with the Sgr A East SNR. We describe a theoretical framework of the evolution of the SN ejecta to explain the morphology, size composition, and apparent location of the surviving dust within the SNR. Our interpretation is based on comparing the ejecta-cooling time scales to the dust-destruction time scales due to thermal sputtering during the expansion of the ejecta into an asymmetric surrounding medium. Molecular line observations toward Sgr A East reveal the presence of dense molecular clouds that appear to be interacting with the SNR, especially at the northern and eastern edges of the remnant (9, 34) . Newly condensed dust from the initial explosion is assumed to be present uniformly throughout the SN ejecta, and the densities of the surrounding medium to the northeast (NE) and southwest (SW) are calculated as~10 3 cm
, respectively. This ambient density gradient implies that there will be an asymmetry in the ejecta densities, as well as in the strength and speed of the forward and reverse shock, which will influence the survival and destruction time scales of dust within the ejecta. After passage of the reverse shock, the density of the ejecta to the NE will therefore be~10 times greater than the ejecta to the SW, and the shocked gas temperatures to the NE will be~5 times lower than that to the SW. Hard x-ray observations of the Sgr A East ejecta reveal an electron temperature of T e~2 × 10 7 K and density of n e~1 0 cm -3 (14, 35) . This hot ejecta can be associated with the diffuse SW expansion (Fig. 1B) , whereas the NE ejecta, which is located at the projected position of the observed dust, will be unobservable in hard x-ray emission, given an initial temperature of T e4 × 10 6 K and density of n e~1 00 cm -3 . The time scale for complete destruction due to thermal sputtering for a = 0.04-mm-sized grains is~3000 years in the hot, diffuse region of the ejecta and~1000 years in the cooler, dense region (23) . These time scales do not include the erosion effects due to the kinetic sputtering that occurs when the SN-condensed dust initially encounters the reverse shock (3). These effects include calculations beyond the scope of this paper; therefore, our estimates apply to dust that has survived the initial kinetic sputtering and can be treated as an upper limit on the dust lifetimes. Given the estimated age of the SNR, this destruction time scale implies that a large fraction of the LGs (a0 .04 mm) and VSGs (a~0.001 mm) we adopt for our SED models will be destroyed. However, unlike the diffuse, hot SW ejecta, the dense, cooler ejecta at the NE undergoes substantial radiative cooling that occurs on time scales much shorter than the dust-sputtering lifetimes.
In the metal-enriched environment of SN ejecta, iron will dominate the radiative cooling at temperatures greater than 10 6 K (36). Assuming that there is ∼0:15 M ⊙ of iron within the ejecta (35) , with density in the NE 10 times that in the SW, and that the ejecta is in collisional ionization equilibrium in each region, we estimate the cooling time scale of the NE ejecta to be t cool~4 00 years, which is much shorter than the estimated sputtering time scale. Assuming the NE ejecta cools to as low as T e~1 0 5 K, the destruction time scales are~10
6 years for a = 0.04-mm-sized grains, which is sufficiently long-even for VSGs-to survive within the ejecta. As the ejecta cools to even lower temperatures, the thermal sputtering becomes negligible. Toward the SW, we find that the cooling time scale for the ejecta is t cool~3 × 10 4 years, consistent with the detection of hard x-rays there, given the estimated age of the SNR. Unfortunately, the high levels of extinction toward Sgr A East does not currently allow for observations of optical cooling lines or soft x-ray emission to directly confirm our hypothesis. However, the prominent spatial anticorrelation of the dust emission and the hard x-ray emission in Sgr A East strongly suggests that dust-survival conditions are much more favorable in cooler regions of the ejecta (see Fig. 1B ).
The SN-condensed dust is then injected into the surrounding ISM, with minimal erosion from thermal sputtering and nonthermal kinetic sputtering. Assuming that the progenitor of Sgr A East was comoving with the surrounding medium, the relative velocity between the dust and the ISM can be estimated to be~100 km s -1 , based on the age of the SNR (~10 4 years) and the approximate distance traveled by the SN-condensed dust from the apparent center of the SNR (~1 pc). After the dust has been slowed from 100 km s -1 to 10 km s -1 by collisions with the surrounding ISM, the decrease in grain radius due to kinetic sputtering will be less than 10% (3, 37) .
Grain-grain collisions and the VSG-LG mass ratio
The temperatures of the NE ejecta fall in a regime where grain-grain collisions become important, if we assume that the thermal velocities of the dust grains are closely coupled to those of the gas. Unlike sputtering by ions, which erodes the grain atom by atom, grain-grain collisions are efficient at redistributing mass from larger (a~0.1 mm) to smaller (a ≲ 0:005 mm) grains by shattering or fragmentation (38) . We attribute the enhanced VSG-LG mass ratio of the SNR dust derived from the SED models (Fig. 4 and Table 1 ) to grain-grain collisions, which occur between 0.005-and 0.1-mm grains over~60 years (23) . Therefore, grain-grain collisions and the fragmentation of larger grains into smaller grains occur on time scales shorter than the age of the SNR and the dust-sputtering lifetimes, which should lead to a substantial enhancement in the smallgrain mass abundance relative to that of the interstellar medium, consistent with our models.
SN dust mass-survival fraction and implications for galaxies of the early universe
Our results show that, given a dense surrounding environment, SN-condensed dust can survive the destructive passage of the reverse shock to be injected into the ISM. The mass of the Sgr A East SNR dust provides an estimate of the mass-survival fraction of dust initially condensed in the ejecta. SNe dust-production models for a progenitor with a mass of 13 to 20 M ⊙ predict that ∼0:3 M ⊙ of dust forms in the ejecta (2, 3) ; therefore, our derived SNR dust mass of ∼0:2 M ⊙ implies that 7% of the total initial dust mass survived the passage of the reverse shock. This number is very uncertain, however, because estimates of dust masses produced in SNe are not well constrained, given the uncertainties in the microphysics that dictate grain formation. Excluding SN1987A, infrared observations of SNRs much younger than Sgr A East reveal that far smaller quantities of dust are formed in the ejecta than predicted by models (≲0:1 M ⊙ ) [(39) and references therein]. If we assume that 0.1 M ⊙ of dust is initially formed in SNe, which is the quantity of dust detected in Cassiopeia A and the Crab Nebula (39), our results imply that 20% of the initial dust mass survives the reverse shock to be injected into the ISM.
We apply our results to the dust-formation and -survival rates in the ISM of the galaxies in the early universe. In a scenario where the galaxy's star-formation history undergoes a single short and intense burst followed by a calm period with a much lower rate of star formation, a dust yield of~0.15 M ⊙ per SN is required to produce the large inferred quantities of dust (40) . Our current results suggest that it is difficult to produce the observed dust mass in such galaxies if only~10 to 20% of the dust survives the reverse shock. However, because stars in earlyuniverse galaxies form in substantially denser regions than those in local galaxies [(41) and references therein], the dust mass-survival rate is probably greater than that which we infer. Additionally, if each SNe produced as much dust as observed in the ejecta of SN1987A (∼0:5 M ⊙ ) (42, 43) , SNe could reasonably account for the dust production. These findings are consistent with SNe being a dominant dust-production mechanism in galaxies of the early universe (7). Compact elliptical galaxies form a rare class of stellar system (~30 presently known) characterized by high stellar densities and small sizes and often harboring metal-rich stars. They were thought to form through tidal stripping of massive progenitors, until two isolated objects were discovered where massive galaxies performing the stripping could not be identified. By mining astronomical survey data, we have now found 195 compact elliptical galaxies in all types of environment. They all share similar dynamical and stellar population properties. Dynamical analysis for nonisolated galaxies demonstrates the feasibility of their ejection from host clusters and groups by three-body encounters, which is in agreement with numerical simulations. Hence, isolated compact elliptical and isolated quiescent dwarf galaxies are tidally stripped systems that ran away from their hosts.
G
alaxies are thought to form through the hierarchical merging of smaller building blocks into larger systems (1, 2) , and the history of these interactions is imprinted in their observable properties. Some galaxies, such as ultra-compact dwarfs (3) and compact ellipticals (cEs) (4-7), show evidence of strong tidal interactions with massive neighboring galaxies (8) that stripped most of the stars from the compact galaxies' progenitors. cEs are rare galaxies with high stellar densities that resemble centers of giant ellipticals but have masses that are about two orders of magnitude smaller [M~10 9 solar mass (M ⊙ )]. They are found mostly in the cores of galaxy clusters next to massive central galaxies, which is in alignment with the above hypothesis for their evolution.
The recent discoveries of isolated cE galaxies (9, 10) that do not belong to any galaxy cluster or group raised another round of debate about cE formation: whether they all formed through the tidal stripping, or through a different mechanism of formation, such as mergers of dwarf galaxies with specific morphologies and configurations (10) . Dwarf-dwarf galaxy mergers do happen in vicinities of massive galaixes (11, 12) . However, neither have they been observed in low-density environments, nor do any of the remnants resemble properties of cE galaxies. The existence of a substantial number of isolated cEs will hence imply notably higher dwarf-dwarf merger rates than predicted by numerical simulations (13) and challenge the currently accepted hierarchical structure formation paradigm.
We demonstrated that all known cE galaxies are outliers from the universal optical-ultraviolet color-color-magnitude relation of galaxies (14) . We could therefore perform a search for cE galaxies not only in the centers of rich clusters and groups as has been done before (5) , but across all environments using data from wide-field imaging surveys, the optical ground-based Sloan Digital Sky Survey [SDSS, (15) ] and the ultraviolet allsky survey carried out by the GALaxy Evolution eXplorer [GALEX, (16) ] spacecraft, which are all publicly available in the Virtual Observatory.
First, we created an initial list of candidates (supplementary materials) from the sample of galaxies having spectra in the SDSS and, hence, known distances by selecting outliers above +0.035 mag in the optical (g − r) color from the
